Although studies involving the circadian response to external time cues indicate that the peripheral clocks are dominated mainly by food cues, whether and how changes in the light and food cues affect the circadian rhythm of the renal clock is still largely unknown. In the present study, we found that the circadian phases of Bmal1, Clock, Cry1, Per1, and Per2 were altered differently by the stimuli of food and light cues in the kidney. After the individual reversal of the light-dark (LD) cycle for 7 days, Per1 displayed a 4-h phase delay, whereas the peak phases of Bmal1, Clock, Cry1 and Per2 almost remained the same as those in the control condition. With regard to the feeding-induced circadian resetting of the renal clock, we found that the resetting processes of clock genes could not be completed within 7 days, suggesting a weak synchronization effect of the food cue on the renal circadian clock. Moreover, the reentrainment of the clock genes was greatly enhanced after the reversal of both the feeding schedule and the LD cycle. Noticeably, the phases of Per1 and Clock were shifted most rapidly by 12 h within 3 days after the simultaneous reversal of the feeding schedule and the LD cycle, whereas their peak phases were only shifted by 4 h and 8 h, respectively, on the 7th day after the individual reversal of the feeding schedule. Thus Per1 and Clock may play important roles in the light-induced resetting of the circadian rhythms in the kidney. light-dark cycle; restricted feeding; Perl; Clock IN MAMMALS, THE CIRCADIAN rhythms in behavior and physiology are organized by a circadian timing system that is comprised of a hierarchy of circadian clocks (14). The master clock is localized in the hypothalamic suprachiasmatic nucleus (SCN), which controls the ϳ24-h periodicity of mammalian behavior and physiology (9, 21, 30) . The molecular core of the master clock is composed of clock genes, whose products generate self-sustained positive and negative transcriptional feedback loops to drive circadian rhythms in SCN cells (22, 26) . In the SCN clock, CLOCK and BMAL1 form heterodimers that bind to E-boxes in the promoter of various target genes, including those encoding for negative (e.g., Per1, Cry1) and positive (e.g., Bmal1) loop components, resulting in transcriptional activation (7, 13) . After accumulating in the cytoplasm, PER and CRY proteins form a complex and result in the repression of Clock and Bmal1 expression, completing one of the most important regulatory feedback loop in the SCN clock (15, 31) .
IN MAMMALS, THE CIRCADIAN rhythms in behavior and physiology are organized by a circadian timing system that is comprised of a hierarchy of circadian clocks (14) . The master clock is localized in the hypothalamic suprachiasmatic nucleus (SCN), which controls the ϳ24-h periodicity of mammalian behavior and physiology (9, 21, 30) . The molecular core of the master clock is composed of clock genes, whose products generate self-sustained positive and negative transcriptional feedback loops to drive circadian rhythms in SCN cells (22, 26) . In the SCN clock, CLOCK and BMAL1 form heterodimers that bind to E-boxes in the promoter of various target genes, including those encoding for negative (e.g., Per1, Cry1) and positive (e.g., Bmal1) loop components, resulting in transcriptional activation (7, 13) . After accumulating in the cytoplasm, PER and CRY proteins form a complex and result in the repression of Clock and Bmal1 expression, completing one of the most important regulatory feedback loop in the SCN clock (15, 31) .
In addition, the modification of core clock proteins can also dramatically affect the circadian clock. Usually, the clock proteins are quite stable in the control condition (such as the half-life of PER2 is near 6 h and that of PER1 is more than 24 h in human cells) (10, 23) . Moreover, phosphorylation can reduce the half-life of clock proteins, which plays an important role in regulating clock protein stability (19) . Thus the cyclic expression of clock genes regulates the temporal organization of various physiological processes with the daily changes in the external environment (2) .
The core clock genes are expressed rhythmically not only in the SCN but also in most cells of the body. In mammals, the peripheral oscillators are capable of generating at least several regular cycles of circadian gene expression independent of the SCN (40, 41) . In vitro studies of fibroblast cell lines support these findings further: exposure to dexamethasone, high serum concentrations, or glucose induced the expression of circadian genes that persists for several days (4, 25) . Thus the peripheral clocks may be important in the regulation of the local circadian physiology.
The kidneys regulate the body's fluid volume, mineral composition, and acidity by excreting and reabsorbing water and inorganic electrolytes. It has been reported that the renal tubular NHE3, the Na ϩ /H ϩ exchanger that is critical for systemic electrolyte and acid-base homeostasis, is a clockcontrolled gene that is regulated directly by CLOCK:BMAL1 heterodimers in the kidneys (28) . Moreover, recent studies demonstrate that loss of Per1 or Clock results in alteration of urine electrolyte excretion (17, 42) . Therefore, we considered it important to characterize the molecular mechanism whereby the renal circadian clock responds to external environment time cues. In the present study, we investigated the individual and combined effects of light and food cues on the synchronization of circadian gene expression in the kidney of rats.
MATERIALS AND METHODS
Animals and experimental design. Male Wistar rats were purchased from China National Laboratory Animal Resource Center (Shanghai, China). They were kept at our animal facilities (illumination with fluorescent strip lights, 200 lux at cage level; 22 Ϯ 1°C) in a 12:12-h light-dark (LD) cycle. Water was available ad libitum, whereas food was provided only in the dark period from the beginning of the experiments. The onset of light was defined as Zeitgeber time 0 (ZT0); the onset of darkness was ZT12. Rats were adapted to this lighting and feeding condition for at least 1 wk before the following experiments. All of the rats were killed after deep anesthesia by an intraperitoneal injection of pentobarbital sodium. The kidneys were removed quickly, frozen immediately on dry ice, and stored at Ϫ80°C until the RNA was extracted. During the dark phase, the dissection was carried out under dim red light. All experiments were performed according to international ethical standards, and the study was approved by the Research Committee of Zhejiang University of Technology.
RNA isolation and reverse transcription. The total RNA taken from the whole kidney was isolated by using the TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions, as described previously (38) .
Real-time PCR. Real-time PCR was carried out by using the SYBR ExScript PCR Kit (Takara Biochemicals), in a total volume of 10 l. We designed the primer sequences (Table 1 ) of the target genes that were analyzed in the present study using the software Primer Premier 5.0. The PCR amplification and quantification were performed with a real-time PCR system (ABI-7300) as described in our previous report (37) . The profiles of the mRNA levels under the control and experimental conditions were determined within the same RT-PCR run. The data were normalized to the amount of GAPDH.
Peak time analysis. We estimated the peak phase of each cycling gene from the peak time of the most highly correlated cosine wave. The mRNA levels were fitted in the MatLab 7.0.1 program by a nonlinear least-squares regression with the following cosine-wave equation (cosinor): y ϭ {A ϩ B ϫ cos [2 ϫ (T Ϫ C)/24]} where y represents the level of mRNA, A is the mean level of mRNA, B is the amplitude of the mRNA oscillation, C is the acrophase of the mRNA oscillation, and T is the time (h). The peak time was considered when the mRNA level at a given time point was within 95% confidence bounds of the expected acrophase. The value of R 2 quantified the goodness of fit. The cosine fit was considered to be statistically significant when F was greater than F 0.05 (*F Ͼ F0.05).
Data analysis. All data are given as means Ϯ SE of n ϭ 4 animals. The values for the mRNA levels are presented as relative values in all experiments. The daily oscillation of each circadian gene was analyzed by one-way ANOVA. The statistical differences were determined by a one-way ANOVA followed by the Student-NewmanKeuls test, and the results were considered statistically significant when P was less than 0.05 or 0.01 (*P Ͻ 0.05; **P Ͻ 0.01).
RESULTS

Effects of the individual reversal of the LD cycle on the expression of clock genes in the kidney.
To test the individual effect of the light cue on the circadian gene expression of the kidney clock, the rats were divided into two groups. In the control group, the rats were euthanized at 4-h intervals of the daily cycle starting at ZT0. In the DL group, the rats were transferred to a completely reversed LD cycle without changing the previous feeding time. On day 7, the animals were sampled at ZT 0, 4, 8, 12, 16, and 20. In Fig. 1 , the expression profiles of the clock genes that were studied (Bmal1, Clock, Cry1, Per1, and Per2) in the LD reversal condition are compared with those of the normal condition. The expression profiles of all four clock genes exhibited a clear daily rhythmicity in the control rats ( Table 2 , F Ͼ F 0.05 ). Changing the LD cycle differently affected the expression profiles of these clock genes. The peak phases of Bmal1, Clock, Cry1, and Per2 were not altered after the LD reversal ( Table 2 ). The peak mRNA levels decreased by 1.2-fold for Bmal1 (P Ͻ 0.05), increased by 1.7-fold for Clock (P Ͻ 0.05) and 2.4-fold for Cry1 (P Ͻ 0.05), and was not significantly altered for Per2 
Effects of light phase reversal alone on the daily expression profiles of clock genes (A-E) in the kidney. The rats were adapted to the 12:12-h light-dark (LD) cycle for at least 1 wk and then divided into 2 groups. To investigate the 24-h expression patterns of the circadian genes in the kidney (the control group), the rats were euthanized at 4-h intervals of the daily cycle, starting at Zeitgeber time 0 (ZT0). To examine the effect of the light cue on circadian gene expression in the kidney individually, the rats were transferred to a completely reversed LD cycle without changing the previous feeding time (the DL group). The ZT24 value represents a replotting of the ZT0 value. Each value represents means Ϯ SE of 4 animals. Differences at a given time point, as determined by a 1-way analysis of variance (ANOVA), were considered statistically significant when P was less than 0.05 or 0.01 (*P Ͻ 0.05; **P Ͻ 0.01).
(P Ͼ 0.05). As for Per1, not only did the peak mRNA level decrease 1.6-fold (P Ͻ 0.05), but its peak phase was also delayed by 4 h after the 7 days of LD reversal ( Table 2) . Effects of the individual reversal of the feeding schedule on the resetting processes of clock genes in the kidney. To investigate the individual effect of the food cue on the circadian resetting of the kidney clock, we starved the rats for 1 day and then subjected them to the reversed feeding schedule without altering the LD cycle. This group of rats served as the RF group. The purpose of fasting was to encourage the rats to take food immediately after the change of the feeding schedule. We have confirmed that fasting did not alter the circadian phases of the clock genes in the peripheral tissues (8) . The animals were then sampled every 4 h, starting from the change of the feeding schedule on the 1st day (time 0 -24 h), the 3rd day (time 48 -72 h), the 5th day (time 96 -120 h), and the 7th day (time 144 -168 h). The rats in the control group were the same as those in the first experiment that were sampled as described above. All these animals were purchased together, but the animals of different groups were housed in separated rooms. As shown in Fig. 2 and Supplemental Fig. S1 , a significant 24-h circadian rhythm was shown in most of the resetting days after the reversal of feeding schedule for each clock gene ( Table 2) . The peak expression level of Clock was visually shifted by 12 h on day 5, whereas its expression profile was not fitted by any correlated cosine wave (Table 2 , F Ͻ F 0.05 ). Moreover, this expression profile was not stable, because the peak phase of Clock on day 7 was only shifted by 8 h estimated by the peak time analysis (Table 2) . Thus Bmal1, Clock, and Cry1 showed similarly rapid phase shift rates after the RF treatment. These three clock genes showed an 8-to 12-h peak phase shift on day 7 of the RF treatment, whereas the circadian phases for Per1 and Per2 were shifted by only 4 h on day 7.
Effects of the combined reversal of the LD cycle and the feeding schedule on the resetting process of clock gene expression in the kidney. To investigate the effect of the light cue on the feeding-induced resetting of the circadian clock in the kidney, we starved the rats for 1 day and then subjected them to the reversed feeding schedule and LD cycle by extending the light period, serving as the both-reversal group. The rats in this group were sampled every 4 h from the start of the phase changing, on the 1st day (time 0 -24 h), the 3rd day (time 48 -72 h), the 5th day (time 96 -120 h), and the 7th day (time 144 -168 h). The rats in the control group were sampled 4-h intervals during the daily cycle, starting from the dark phase. As shown in Fig. 3 and Supplemental Fig. S2 , the expression profiles of all five clock genes exhibited a clear daily rhythm in the resetting days, except for Per1 in day 1 ( Table 3 , F Ͼ F 0.05 ). Moreover, the circadian patterns of these clock genes were reversed completely within 3-7 days (Table 3 ). The time course of the resetting of these genes was characterized by gene-specific phase shift rates. Of the genes examined, Per1 and Clock displayed the fastest phase shift rate by resetting their circadian phases within only 3 days (Table 3) , which were greatly enhanced compared with those observed after the RF treatment. As for Bmal1, the peak phase of this clock gene only shifted by 4 h within 3 days. Then Bmal1 displayed a completely reversed expression pattern on day 5 (Table 3) . Regarding the reentrainment of Cry1 and Per2, both genes showed a gradual phase shift in the resetting course and displayed an 8-h phase shift on day 5, followed by a 12-h phase shift on day 7 (Table 3) .
DISCUSSION
Circadian clocks are present in many different tissues and control many aspects of physiology. This broad control is exerted mainly by the circadian regulation of many clock genes, which express in rhythmic patterns. There is evidence that both transcriptional and posttranscriptional mechanisms have important roles in producing the rhythmic expression profiles (11, 12, 19) . To investigate the transcriptional mechanism of the renal circadian clockwork, we examined the effects of light and food cues on the synchronization of circadian gene expression in the kidney of rats. We found that Bmal1, Clock, Cry1, Per1, and Per2 showed robust circadian rhythms of diurnal mRNA expression in the kidney and that the diurnal expression patterns of these clock genes were largely consistent with previous reports in mice (16, 39) . The circadian phases of these five clock genes were altered differently by the 7-day reversal of the LD cycle without altering the feeding schedule. After the 7-day reversal of LD cycle, the peak phase *The cosine fit was considered statistically significant when F was more than F0.05 (F Ͼ F0.05). Acrophase time was considered when the mRNA level at a given time-point was within 95% confidence bounds of the acrophase. The value of R 2 quantifies the goodness of fit. The phase shift is the time lag between the acrophase time in the control condition and that in the resetting experiments. Con, control; DL, reversed light-dark cycle; RF, restricted feeding; ZT, Zeitgeber time; ns, no significant 24-h rhythm.
of Per1 was delayed 4 h. However, it has been reported that a phase shift of the LD cycle for 7 days was unable to shift the phase of Per1 and other clock genes in the liver of mice (18), and in the liver and heart of rats (38) , when the LD shift was carried out under restricted feeding (RF) conditions. Thus the results obtained in the present study suggest that the circadian phase of Per1 in the kidney may not be dominated totally by the food cue. This is obviously different from the situation in the liver and heart. Our study also demonstrates that LD reversal increases the expression level of Cry1 in the kidney, although it results in downregulation of the expression of Cry1 in the liver and heart (38) . These results suggest that LD reversal exhibits gene-and tissue-specific effects on the peripheral circadian regulation.
It is well known that daytime RF can entrain many peripheral tissues and some extra-SCN brain regions independent of the SCN (6, 18, 34, 36) . However, the resetting processes of the clock genes after RF treatment are seldom studied in the peripheral tissues. Moreover, the effect of RF has only been reported in a clock-controlled gene (Dbp) in the kidney (6) . We were further interested in whether the circadian phases of the clock genes are altered in a similar manner by RF treatment, since this may prove useful information in determining the regulatory mechanism underlying the renal circadian system. After the reversal of the feeding schedule alone, we found that the clock genes also displayed different phase shift rates in the reentrainment of the renal circadian system. Per1 and Per2 showed relatively slow phase shift rates compared with the other clock genes, which is inconsistent with the observations that have been made concerning the light-induced circadian resetting of the SCN clock (1, 32, 33) . Regarding the feedinginduced circadian resetting of other peripheral clocks, we found that the reentrainment of Per1 was relatively slow in the heart, but rapid in the liver, compared with other clock genes after the RF treatment (38) . This suggests that the circadian resetting mechanisms in the heart and kidney are different from Fig. 2 . Effect of daytime restricted feeding (RF) on the resetting processes of clock genes (A-E) in the kidney. After 1 day of fasting, the rats were fed from the dark phase to the light phase for 7 days (the RF group) without alteration in the LD cycle. The rats in this group were sampled every 4 h, from the start of phase changing on the 1st day (time 0 -24 h), the 3rd day (time 48 -72 h), the 5th day (time 96 -120 h), and the 7th day (time 144 -168 h). In the control group, the rats were the same as those in the first experiment that were sampled as described above. The symbols "a" and "b" represent, respectively, the peak expression of each clock gene in the control and the RF group. This was estimated from the peak time of the most highly correlated cosine wave. The values on the left of each panel show the corresponding mRNA levels in the RF group, whereas the values on the right of each panel show the mRNA levels of the control group. The black bar at the bottom of each column represents the duration of the dark phase in the LD cycles in the control and RF conditions. Quantitative representations of multiple results are expressed as the values relative to the minimum value of the control group in the LD condition. Each value represents means Ϯ SE of 4 animals. Differences at a given time point, as determined using a one-way ANOVA, were considered statistically significant when P was less than 0.05 or 0.01 (*P Ͻ 0.05; **P Ͻ 0.01).
that in the liver. In addition, we found that the resetting processes of the examined clock genes could not be completed within 7 days in the kidney, which was obviously slow compared with the rapid resetting in 3-5 days in the liver after the RF treatment (38) . This was consistent with a previous report that the food-induced phase resetting proceeds faster in the liver than in the kidney, heart, and pancreas (6) . Moreover, the resetting processes of Bmal1 and Cry1 were completed within 5-7 days in the heart (38) , and this was also faster than those exhibited in the kidney. Thus RF displayed in a tissue-specific effect on the peripheral clocks, and this effect was relatively weak on the circadian system in the kidney compared with that in the liver and heart.
After the individual effect of the light or food cue had been identified, we examined the combined effect of the light and food cues on the synchronization of the clock genes in the kidneys of rats. We found that the reentrainment of examined clock genes was enhanced greatly after the reversal of both the feeding schedule and the LD cycle. The mechanism by which light accelerates the food-induced circadian resetting of the renal clock is currently unknown. A number of reports have indicated that SCN gates external light signals and controls the oscillation of peripheral clocks, both directly and indirectly, using multiple neural and humoral signals (5, 20, 35) . The SCN-gated light signal may affect the peripheral circadian system in a tissue-specific manner because the light-induced Per1 expression is specifically recognized at 30 min in the adrenal gland but not in the liver or kidney within 2 h (20) . Moreover, the light-induced expression of the genes in the adrenal gland is accompanied by the delayed release of corticosterone (20) , whereas the light-induced secretion of glucocorticoids can regulate the expression of the core clock genes (such as Per1, Bmal1, Cry1, and Dbp) and reset the peripheral clocks in vivo (3, 27) . A time lag therefore exists, during which Fig. 3 . Resetting processes of clock genes (A-E) in the kidney after a 12-h phase shift of the feeding schedule and LD cycle. After 1 day of fasting, the rats were subjected to a combined reversal of the LD cycle and the feeding schedule (both-reversal group). The rats in this group were sampled every 4 h from the start of phase changing on the 1st day (time 0 -24 h), the 3rd day (time 48 -72 h), the 5th day (time 96 -120 h), and the 7th day (time 144 -168 h). In the control group, the rats were sampled at 4-h intervals during the daily cycle, starting from the dark phase. The symbols "a" and "b" represent, respectively, the peak expression of each clock gene in the control and the both-reversal groups. This was estimated from the peak time of the most highly correlated cosine wave. The values on the left of each panel show the corresponding mRNA levels in the both-reversal group, whereas the values on the right of each panel show the mRNA levels of the control group. The black bar on the top of the column represents the duration of the dark phase in the 12:12-h DL cycle (control group), whereas the black bar on the bottom of the column represents the duration of the dark phase of the 12:12-h LD cycle (both-reversal group). Quantitative representations of multiple results are expressed as the values relative to the minimum value of the control group in the LD condition. Each value represents means Ϯ SE of 4 animals. Differences at a given time point, as determined by a one-way ANOVA, were considered statistically significant when P was less than 0.05 or 0.01 (*P Ͻ 0.05; **P Ͻ 0.01).
the environmental light signals are converted to glucocorticoid signals. These, in turn, influence the other peripheral circadian clocks such as liver, heart, kidney, etc., further. However, it has been reported that animals that lack the glucocorticoid receptor show circadian gene expression in peripheral tissues (24) and that RF can entrain the rhythm of gene expression in the liver of adrenalectomized or glucocorticoid receptor-deficient mice (3). Thus unattached time signal pathways may underlie the light-and food-induced circadian resetting. It is reasonable to suggest that the circadian resetting is facilitated markedly in the kidney when the two time signal pathways are activated together. A further understanding of the mechanism that underlies this enhanced effect on the resetting of peripheral clocks by the cooperation of light and food cues may contribute to reducing the symptoms of jet lag.
Identifying the molecules that are responsible for the timing signals will help to understand the tissue-specific resetting of peripheral clocks and the different resetting modes of clock genes by feeding and lighting. The light-induced resetting of the SCN clock is associated with a rapid induction of Per1 transcription (1, 32, 33) , which may also be important in the light-induced resetting of peripheral clocks. In the present study, the specific response of Per1 to LD reversal alone suggests that this clock gene may be more sensitive to the light signal than the other clock genes that were examined in the kidney. Although the phase of Per1 was shifted slowly after the RF treatment, this was apparently induced by an indirect modulation of the food cue and might result from a shift in the circadian feedback loops. The resetting rate of Per1 was most greatly enhanced after the participation of light cues in the feeding-induced circadian resetting of the kidney. This suggests that Per1 may be responsible for the light-induced circadian resetting in the kidney. Moreover, Gumz et al. (17) reported that Per1 is regulated by aldosterone and in turn mediates aldosterone action on the expression of ␣ENaC mRNA, which suggest a important role of this gene in regulation of the renal epithelial sodium channel and control of sodium balance. Taken together, these observations suggest Per1 may participate in a potential pathway for regulation of the renal physiological function by the SCN transmitted light signal. In addition, the results for Per1 observed in the kidney in this study are different from those observed in the liver and heart, as we have reported previously (38) . This may help to explain the tissue-specific resetting of peripheral clocks. Some recent studies indicated that tissue-specific transcription factors and posttranscriptional regulation may also account for the cell type-specific circadian expression (12, 29) .
In addition to the special role of Per1, we also found that the positive regulator Clock was also sensitive to the external time cues. In the RF group, the expression pattern of this gene was shifted by 8 h on day 7. In the both-reversal group, Clock was reset as quick as Per1 in 3 days. Zuber et al. (42) recently reported that the Clock knockout mice exhibit significant changes in renal expression of several key regulators of water or sodium balance (vasopressin V2 receptor, aquaporin-2, aquaporin-4, ␣ENaC). Thus the light-or food-induced circadian changes of the clock gene expression in the kidney may lead to changes in renal electrolyte excretion, which suggests the effects of external time cues on the renal physiological function. In addition, the RNA used in the present study was taken from the whole kidney, whereas it is well known that the different regions of the kidney (i.e., cortex, outer medulla, and inner medulla) exhibit their specific functions. Thus future studies should try to analyze the expression pattern of the clock genes in the different portions of the kidney.
In conclusion, the results obtained here demonstrate that a 7-day reversal of the LD cycle alone could not shift the clock genes that were examined (Bmal1, Clock, Cry1, and Per2), except for Per1 in the kidney of the RF rats. In addition, the reversal of the feeding schedule alone, for 7 days, could only shift the circadian phases of these clock genes partly. Nevertheless, the reentrainment of the clock genes was greatly enhanced after the reversal of both the feeding schedule and the LD cycle. We also observed that the phases of Per1 and Clock were rapidly shifted by 12 h within 3 days of the simultaneous reversal of the feeding schedule and the LD cycle. However, their peak phases were only shifted by 4 and 8 h, respectively, on the 7th day by the reversal of the feeding schedule alone. Thus these two genes play important roles in the light-induced circadian resetting in the kidney.
Perspectives and significance. In mammals, the circadian clock is generally reset by environmental time cues, such as light and food. Many of the mammalian peripheral tissues contain functional circadian clocks, which play important roles in regulating the local physiological function. Given the known relationship of the circadian clock in the kidney and the renal function in urine electrolyte excretion and regulating the blood pressure pattern, we considered that it becomes important to characterize the molecular mechanism whereby the renal circadian clock responds to external time cues. However, the functional readouts of the renal clock remain largely unknown. Thus to analyze the expression changes of several key regulators of water or sodium 
